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Introduction
Phosphorylation is the most frequent type of protein post-translational modification, which is often associated with the molecular activation/de-activation of signal-transduction pathways [1] . In higher eukaryotes, an estimated one third of all proteins are regulated by phosphorylation by protein kinases (PKs). The genomes of plant species encode more than 1000 PKs [2] . However, the substrates of only a small fraction of these kinases are known [3] .
Protein kinases are generally classified into serine (Ser)/threonine (Thr) kinases and tyrosine (Tyr) kinases, based on their substrate specificity. Several studies have shown that plants have dual protein kinases that are classified into a serine/threonine kinase family but catalyze phosphorylation on both serine/threonine and tyrosine residues [4] [5] , indicating that these plant kinases exhibit dual specificity.
Several plants kinases have also been shown to autophosphorylate on Tyr, Ser and Thr in vitro [6] . In Arabidopsis thaliana, a few protein Tyr-specific phosphatases and 22 dual-specific phosphatases have been identified [1] .
Yak1 is a member of Ser/Thr protein kinases family known as dual specificity of Tyr phosphorylation regulated kinases (DYRKs) in Saccharomyces cerevisiae [7] .
In S. cerevisiae, Yak1 was originally identified as a negative regulator downstream of Ras/PKA signaling pathway. Yak1 is phosphorylated by PKA in vitro at several serine and threonine residues and regulated glucose starvation in vivo. However, the regulatory mechanisms of Yak1 activity and functions are largely unknown.
The present study was undertaken to identify proteins that are phosphorylated by Yak1 in Arabidopsis thaliana. Of the seven candidate proteins selected by 2-DE analysis, Annexin1, Annexin2, Annexin4 and RNA binding family protein (RBD) were confirmed with phosphorylation assay and MS analysis. Annexin1, Annexin2 and RBD were phosphorylated at serine/ threonine residues by AtYak1 kinase.
Annexin1, Annexin2 and Annexin4 were additionally phosphorylated at tyrosine residues. Our data suggest that AtYak1 is dual specificity protein kinase in Arabidopsis.
Materials and methods

Plant materials and growth conditions
Arabidopsis (Arabidopsis thaliana) wild-type plants, T-DNA insertion mutant plants used in this work were of the Col-0 ecotype. The atyak1-1 (SAIL_31_C10) and atyak1-2 (SALK_0746) T-DNA insertion mutant alleles were obtained from the Arabidopsis Biological Resource Center (http://www.arabidopsis.org). Seeds were sterilized and germinated as described elsewhere [8] . Seven-day-old seedlings were harvested for total protein extraction.
Total protein extraction
Proteins were extracted from atyak1-1 T-DNA mutant and wild-type plants by trichloroacetic acid (TCA)/acetone precipitation as described [9] , with slight modifications. Briefly, 500 mg of tissue were ground to a fine powder in liquid g for 20 min. Protein was quantified by Bradford assay. www.decodon.com). Only proteins with significant and reproducible changes were considered to be differentially expressed.
2-D PAGE and image analysis
In-gel trypsin digestion and MALDI-TOF analysis
Enzymatic digestion was performed as previously described [10] . Briefly, digestion was performed with 10 ng/mL of trypsin and 100 mM ammonium were measured on a MALDI-TOF (maXis UHR-TOF, Bruker) [11] . Peptide mass fingerprint data were matched to the TAIR10 Arabidopsis protein sequence database by using MASCOT and scaffold software.
Expression and purification of recombinant protein
GST fusion protein, pGEX6p-AtYak1, pGEX6p-AnnAt1, pGEX6p-AnnAt2, pGEX6p-AnnAt4, pGEX6p-CAB3, pGEX6p-RCA, and pGEX6p-RBD were generated using primers sets listed in Table 1 . Protein expression and purification was performed as described [12] with modifications. Briefly, 50 ml of bacterium cell 
In Vitro Phosphorylation assays
Mass spectrometry
The peptides were fractionated by C 18 RP chromatography and analyzed The eluted peptides were analyzed online by electrospray ionization tandem mass spectrometry, Xcalibur (v2.1) software (Thermo-Scientific) was used to collect mass spectrometry data, and mass range for the MS survey scans was set at m/z 350-1600.
The m/z value of ions during first full scan was determined at high accuracy using Orbitrap mass analyzer. Each MS scan was followed by 10 MS/MS scans, and the data was collected using LTQ-linear ion trap. MS3 scan was selectively triggered upon neutral loss ion (32.7, 49, 80, and 98) detection. We used a dynamic exclusion method where a specific ion was sequenced twice at maximum and excluded from the list for 45 s.
The RAW mass spectrometry data files were converted to mgf format using Proteome Discoverer 1.2 (Thermo-Scientific), and the MS/MS data sets were compared with the TAIR10 Arabidopsis protein sequence database using Mascot search engine (v2.3, Matrix Science).
Results
AtYak1 T-DNA insertion line genotyping
We obtained two alleles of atyak1 T-DNA insertion mutants from the Arabidopsis Biological Resource Center. The T-DNA was inserted in the first exon in the atyak1-1(SAIL_31_C10) mutant and in the ninth intron in the atyak1-2 (SALK_074646) mutant (Fig. 1A) . RT-PCR screening of these homozygous lines revealed complete knockout of AtYak1 in the atyak1-1 mutant yet the AtYAK1 transcripts were still observed in atyak1-2 (Fig. 1B) . We checked the phenotype of atyak1-1, atyak1-2 and wild-type plants under normal growth conditions. atyak1-1 plants had smaller and fewer leaves and displayed reduced biomass than the wild-type plants, whereas there was no difference in growth and biomass between atyak1-2 plants and wild-type plants (unpublished data). The results show that atyak1-1 was a null allele and thus was used in the current study.
Classification of identified phosphorylated proteins
Total proteins isolated from wild-type and atyak1-1 mutant seedlings were resolved by 2D gel electrophoresis and phosphoproteins were identified by staining using Pro-Q diamond phosphoprotein gel staining kit. In either the mutant or wildtype samples, about 150 protein spots were found to distribute evenly between pH 4 and 7 and the molecular masses of these proteins range from 10 to 80 kD. To classify these phosphorylated proteins, we used Classification Superviewer. Proteins were assigned to 13 classes based on their domain composition or functional description in the literature (Fig. 2) . Phosphorylated proteins involved in metabolic and cellular processes were the most abundant, whereas proteins involved in developmental processes, transport and other signaling processes were the least abundant. Between pathways showed decreased abundance in the atyak1-1 mutant compared with wildtype, whereas those involved in biotic and abiotic stress response showed increased abundance in the atyak1-1 mutant compared to wild-type plants (Fig. 2) . Full lists of the identified proteins are provided in Table S2 .
Identification of phosphorylated proteins
Among the phosphoproteins separated on the 2-D gel, we selected 50 spots based on differences in their intensity between the wild-type and the mutant and revealed the identities of these proteins with MALDI-TOF MS (Fig. 3A , Table 1 ). To analyze the changes in spot intensity between the wild-type and atyak1-1 mutant, samples were quantified (section 2.3). Six spots (numbers 13, 14, 16, 20, 21, 22 and 26) representing protein p13, p14, p16, p20, p21 p22 and p26, respectively, were found to be differentially expressed or phosphorylated between the wild-type and the mutant (Fig. 3B) . As compared to the wild-type, the level of expression or phosphorylation of p13 increased, whereas that of p14, p16, p20, p21 p22 and p26 seemed to decrease or not detected in the atyak1-1 mutant.
Among these proteins, p26 (spot number 26) was identified as Annexin1 (AnnAt1), which has been implicated in responses to heat, cold, salt, osmotic stress and abscisic acid (ABA) in plants [12] . The intensity of the p26 spot was higher in the wild-type than in the atyak1-1 mutant (Fig. 3A) . Protein p26 migrated with a molecular mass of 42.0 kD ( Figure 1) . was deduced to be located at the Ser-202 by autophosphorylation (Fig. 4A , Table 2 ).
In vitro phosphorylation assay
MS identification of phosphorylation sites
Interestingly, this autophosphoryation site differs from yeast where autophosphorylation was observed at tyrosine residues in the activation loop among the DYRKs [14] . The phosphorylation sites of RBD were located at Ser-6 and Ser-12
( Fig. 4B , Table 3 ). The identification of the phosphorylation sites in the AnnAt1 and (Fig. 4C ) and 1146.40 Da of AnnAt2 (Fig.   4D ). The amino acid sequences of the peptide fragment 1448.77 Da showed that the phosphorylation site was located at Ser-289 (Fig. 4C , Table 2 ). The phosphorylation sites of AnnAt2 were identified at Ser-95 and Thr-100 ( Fig 4D, Table 2 ).
The Annexin family members (AnnAt1, AnnAt2 and AnnAt4) also (Fig. 5A, Table 2 ), 1106.53 of AnnAt2 (Fig. 5B ) and 1345.69 of AnnAt4 (Fig. 5C ). The phosphorylation site of AnnAt1, AnnAt2 and AnnAt4 was located at Tyr-284, Tyr-126 and Tyr-211, respectively (Fig. 5A-C, Table 2 ).
Discussion
The aim of this study was to identify components of the AtYAK1 signaling proteins that exist in almost all species from fungi to humans [15] . These proteins have been shown to play important roles in various cellular processes such as membrane trafficking and organization, regulation of ion channel activity, inflammatory response, mitotic signaling, and phospholipid metabolism [16] . Our results demonstrate that the abundance or phosphorylation of Annexin family proteins was lower in the atyak1-1 mutant (Fig. 3B) . In vitro experiments suggest that AtYak1 may directly phosphorylate annexin proteins in Arabodopsis.
Although in most plant species no more than two annexin genes have been reported, in Arabidopsis, seven distinct Annexin genes have been identified, which are AnnAt1-AnnAt7 [17], with AnnAt4 being the most divergent. AnnAt1 and AnnAt4 have been suggested to play important roles in osmotic and ABA signaling [13] . Here, we identified three Annexins, AnnAt1, AnnAt2 and AnnAt4, which were phosphorylated at serine / threonine and tyrosine residues by AtYak1 kinase.
Yak1 belongs to a dual-specificity tyrosine-regulated protein kinase (DYRK) family that autophosphorylate an essential tyrosine in their activation loop, but phosphorylate their substrate at several serine and threonine residues [14] [14] . In this study, we showed that AtYak1 protein kinase phosphorylates its substrates on Ser/Thr residues and undergoes Ser-202 autophosphorylation, indicating that Yak1 is a dual specificity protein kinase. In yeast, autophosphorylation was observed at tyrosine residues in the activation loop among the DYRKs [14] . In our experiment, autophosphorylation was detected at the Ser-202 residue. This difference may be due to the different studied organisms or incomplete peptide sequencing of AtYak1.
In conclusion, this study demonstrates that AtYak1 is a dual specificity protein kinase in Arabidopsis, which phosphorylates substrate proteins on Ser/Thr and Tyr residues. We are currently undertaking studies to find out the role of AtYak1 in stress response in Arabidopsis.
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